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A B S T R A C T   
The surface of Mercury is continuously exposed to impinging solar wind ions. To improve the understanding of 
space weathering and exosphere formation, a detailed investigation of the ion-surface interaction is necessary. 
Magnesium and iron rich pyroxene (Ca,Mg,Fe)2[Si2O6] samples were used as analogues for Mercury’s surface 
and irradiated with He+ ions at solar wind energies of 4 keV. Several regimes of implantation and sputtering 
were observed there. The total estimated mass of implanted He coincides with the mass decrease due to He 
outgassing during subsequent Thermal Desorption Spectroscopy measurements. Comparison to established 
modeling efforts and SDTrimSP simulations show that a He saturation concentration of 10 at.% has to be as-
sumed. A complete removal of He is observed by heating to 530 K. On the surface of Mercury, temperatures 
between about 100 K and 700 K are expected. This temperature will therefore influence the implantation and 
release of He into Mercury’s exosphere.   
1. Introduction 
The surface of the planet Mercury is irradiated by a continuous 
stream of ions, emitted from the Sun. This so-called solar wind consists 
of 96% protons, 4% 4He2+ and small fractions of heavier ions [1]. The 
solar wind has an average velocity of about 450 km/s [2], equivalent to 
about 1 keV/amu. Solar wind sputtering is expected to be one of the 
main drivers of the formation of Mercury’s exosphere [3], a tenuous and 
collision-less atmosphere around the planet. This atmosphere forms by 
material ejection from the rocky surface. In addition to the sputtering 
contribution, also implantation and subsequent release of solar wind 
ions have to be considered. Properties like saturation concentration, 
penetration depth and diffusion in crystalline solids influence the depth 
profile of ions in the bulk material as well as the release of previously 
implanted projectiles. In the extreme case of a saturated regolith, one 
implanted He atom will be released for every impinging ion. This causes 
an increased flux into the exosphere [4]. Furthermore, the implantation 
of solar wind can be responsible for modifications of the regolith. 
Protons for example are expected to be responsible for hydroxyl and 
water formation in minerals on Moon and Mercury [5]. The retention of 
He in silicate minerals has been investigated by Lord [6]. In that study 
four fluences from 6.1 × 1020 ions/m2 to 6.1 × 1023 ions/m2 at 
1.8 keV with subsequent gas-release measurements were applied. A 
saturation in He retention for higher fluences was observed there, but 
the coarse steps in fluence and surface temperatures ranging from about 
350 K to 520 K limit the interpretation of the results. A detailed ex-
amination of the fluence dependence of He implantation however has 
not been conducted so far. More recent research focused on sputtering 
by solar wind ions and its contribution to exosphere formation [7–9]. 
This study aims at delivering a more detailed picture of the inter-
action between solar wind He and a Mercury analogue pyroxene con-
sisting of (Ca,Mg,Fe)2[Si2O6]. For this purpose, thin pyroxene films on 
Quartz Crystal Microbalances were irradiated with 4 keV He+ ions and 
fluences corresponding to several hundreds of years of solar wind 
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exposure. Subsequently, He release was observed with a quadrupole 
mass analyzer while the samples were heated up. By combining these 
techniques, implanted mass, saturation fluence and release temperature 
could be determined in-situ to get a better understanding of the inter-
action between the solar wind and Mercury’s surface. Singly charged He 
ions were used for this purpose, as He2+ causes additional potential 
sputtering [8,10], which was not the focus of the study. 
2. Methods 
2.1. Quartz crystal microbalance measurements 
For the measurements performed in this study, the Quartz Crystal 
Microbalance (QCM) technique was used, in which sample material is 
transferred onto a quartz crystal disc as a thin film. Mass depletion due 
to ion sputtering or mass increase caused by implantation of the pro-
jectiles can then be measured by monitoring the resonance frequency of 
the quartz crystal f0. For layers of material that are thin compared to the 
quartz thickness, changes of f0 are proportional to changes of the layer 
mass. According to the Sauerbrey equation, the proportionality factor 
between those frequency changes f and mass changes m is the ne-
gative quartz mass m0 divided by f0 [11]: 
= =f
f
m
m
m m f
f0 0
0
0 (1)  
The mass changes caused by ion irradiation can be monitored with 
sample material deposited on the gold electrode of such a quartz 
crystal. The QCM used at TU Wien allows measuring the resonance 
frequency of the quartz during irradiation with a precision in the mHz 
range at a base frequency of 6 MHz. Frequency drifts are typically a few 
mHz per minute averaged over an hour, and below 1 mHz per minute 
over several hours. Therefore, real time in-situ measurements of mass 
changes in the sub monolayer range are possible [12]. 
One of the limitations of this technique is the pronounced tem-
perature dependence of the quartz resonance frequency. It has a low 
gradient at room temperature and a minimum at about 410 K, where 
accurate measurements of small mass changes are possible. Above this 
temperature, however, resonance shifts of 10 Hz/K already at 430 K, 
and increasing shifts for higher temperatures, are present. Therefore, 
thermal drifts usually dominate the frequency behavior outside the two 
stable working points. This behavior is especially limiting Thermal 
Desorption Spectroscopy (TDS) measurements, as the large change of 
the quartz resonance frequency completely masks the frequency change 
due to mass loss, which therefore cannot be observed in real time 
during heating of the quartz. However, the total mass loss can be de-
termined by the difference in frequency between the beginning and the 
end of a heating period as soon as the quartz has cooled down to room 
temperature again. 
2.2. Thin film deposition and analysis 
The samples used in this study were produced from a bulk pyroxene 
mineral. The material was deposited onto stress compensated quartz 
crystals using Pulsed Laser Deposition (PLD). This process has already 
been shown to reproduce the stoichiometry in the case of the pyrox-
enoid mineral wollastonite (CaSiO3) [7]. The mineral used in this study 
is a pyroxene and therefore has a Si-content of 20 at.% and a high O- 
content of 60 at.%. The chemical composition of the produced PLD 
films were deducted from combined Rutherford Backscattering Spec-
trometry (RBS) and coincidence Time-of-flight/Energy Elastic Recoil 
Detection Analysis (ToF-E ERDA) measurements, employing 2.0 MeV 
He+ and 36 MeV I8+ as probing beams, respectively. These were car-
ried out at Uppsala University (details of the experimental setup, as well 
as data analysis can be found in [13]). As results, an average O-content 
of 60.3  ±  0.9 at.% and a Si-content of 20.5  ±  0.5 at.% were found. 
Furthermore, the samples are rich in Mg (8.9  ±  0.3 at.%) and Fe 
(6.0  ±  0.2 at.%) and show no signs of He in the pristine sample (the 
constituents are presented in Table 1). The total areal density of the film 
was determined to be 1270 × 1015 atoms/cm2, corresponding to a film 
thickness of about 139 nm when considering the density of Enstatite 
(Mg2Si2O6) of 3.3 g/cm3 [14]. Due to the fact, that the produced films 
are glassy, deviations from the nominal density will be present, adding 
some additional uncertainty to this value [15]. Nevertheless, the film 
thickness is in any case significantly larger than the range of 4 keV He 
in the pyroxene samples, calculated to be 31 nm, using the Binary 
Collision Approximation (BCA) code SDTrimSP (see Section 2.4 for 
more details) [16]. 
For direct comparison of the experimental data with the SDTrimSP 
code, flat samples are required. Surface structure can significantly alter 
sputtering rates due to different local angles of incidence and re-
deposition of sputtered material [17,18]. The samples were therefore 
inspected with an Atomic Force Microscope, revealing a root mean 
square roughness of 5.6  ±  3.5 nm. In this regime, only minor devia-
tions from a flat surface are expected for sputtering, allowing a direct 
comparison between experimental observations and SDTrimSP results  
[19]. 
2.3. Ion beam setup 
Helium irradiations at solar wind energies were carried out with 
two different ion beam setups at TU Wien. One part was performed 
using the Electron Cyclotron Resonance (ECR) ion source SOPHIE [20] 
and the setup described in [7]. The used ECR ion source allows creation 
of singly and multiply charged ions at fluxes that are high enough to be 
used for sputtering experiments. After extraction, a quadrupole magnet 
system is used for focusing the ion beam. A sector magnet then allows 
precise mass over charge separation of the ions. The ion beam is then 
focused into the sample chamber using electrostatic lenses. In addition, 
a SPECS IQE 12/38 ion gun based setup was used as well. This ion 
source is mostly suited for irradiations with singly charged ions, which 
is sufficient for the present study. Here, mass over charge separation 
was realized with a Wien velocity filter attached to the ion source [21]. 
In both setups, the filters introduce deflection of the ion beams and 
therefore prevent neutral particles from hitting the sample. Neutrals 
would otherwise cause an additional uncertainty in the measurements, 
since they are not registered when the ion flux is determined. The ion 
flux was obtained using a Faraday cup equipped with an electron 
suppressor and known entrance aperture size. The measured ion current 
divided by the aperture area then gives the ion flux on the sample. In 
both systems, pairs of deflection plates were applied to scan the ions 
over a sample area of about 7 × 7 mm2, ensuring a homogenous ir-
radiation of the sensitive area on the quartz. Current profiles of the ion 
beam were taken before and after every irradiation to monitor the ion 
beam stability. The ion flux impinging the sample was varied between 
(36  ±  4) × 1015 ions/m2/s and (68  ±  7) × 1015 ions/m2/s. If not 
stated otherwise, irradiations were performed at 298  ±  1 K, referred 
Table 1 
Composition of the pyroxene based films in atomic percent, as they were deposited onto the quartz crystals for irradiation. Results were obtained by combined RBS 
and ToF-E ERDA analysis [13].         
H C O Mg Si Ca Fe  
1.4  ±  0.1% 1.1  ±  0.1% 60.3  ±  0.9% 8.9  ±  0.3% 20.5  ±  0.5% 1.8  ±  0.1% 6.0  ±  0.2% 
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to as room temperature. 
The QCM holder was heated via an ohmic heater, which allowed 
reaching sample temperatures of up to 530 K. The temperature was 
determined with a K-type thermocouple, mounted directly to the quartz 
holder. To get additional information about the release of implanted 
material, a Pfeiffer Vacuum QME 220 Quadrupole Mass Analyzer 
(QMA) was attached to the vacuum chamber. Therefore, gas emitted 
from the sample could be monitored during TDS measurements. 
2.4. Simulations with SDTrimSP 
In addition to the laboratory experiments with ion beams, simula-
tions using the program SDTrimSP [16] were performed. This BCA code 
allows to calculate collision cascades of ions in matter and was recently 
found to be able to correctly describe sputter yields for solar wind ions 
impaction on the pyroxenoid wollastonite [7]. In the dynamic mode of 
SDTrimSP, changes in sample stoichiometry due to preferential sput-
tering of composite materials in the surface layers, as well as changes in 
the implantation of impinging ions can be described. To prevent the 
accumulation of implanted projectiles at higher fluences to unphysical 
amounts around the penetration depth, the simulation of additional 
transport mechanisms or other suitable approaches are needed. The 
simplest way to do this is to artificially limit the number of implanted 
projectiles to a certain volume fraction without considering any real 
transport processes [22]. 
The enstatite (Mg2Si2O6) density of 3.3 g/cm3 was used as sample 
density for the simulations, as the determined composition is close to 
enstatite composition [14]. Following the procedure described in detail 
in Ref. [8], the O surface binding energy was set to 6.5 eV and the 
parameter controlling the model of surface binding energies isbv = 2 
used (see [16] for details on the simulation parameters). This set of 
parameters was found to describe sputtering of the structurally similar 
wollastonite sample very well and also allows to reproduce Ar+ sputter 
yields for the pyroxene-based samples used in this study. 
3. Results 
3.1. He irradiations 
Several irradiations of Mg and Fe rich pyroxene samples with He+ 
ions were performed at solar wind energy of 4 keV and under normal 
angle of incidence. A focus was put on determining the fluence de-
pendence of the mass change, showing a very distinct characteristic 
behavior. Fig. 1 shows the mass change per incident ion over He flu-
ence, which is proportional to the derivative of the quartz resonance 
frequency over time. A Savitzky-Golay filter was used to obtain this 
derivative from measured frequency data [23]. Surface contaminations 
and therefore adsorbate sputtering can alter the fluence dependence 
obtained in this way. All samples were consequently cleaned with 2 keV 
Ar+ under an angle of 60° after installation into the UHV system, re-
moving such contaminations from the surface. Therefore, removal of 
adsorbates is not expected to alter the measurements. The penetration 
depth of 2 keV Ar+ under 60° is about 1.5 nm, which is removed by 
sputtering of 4 keV He+ after a fluence of about 1.5 × 1021 ions/m2. 
The cleaning is not expected to have an influence on the He irradia-
tions, as the initial irradiations do not differ from later ones. 
For irradiations at room temperature using 4 keV He+, equilibrium 
is reached after about 2.2 × 1021 ions/m2. In the equilibrium phase 
(region III in Fig. 1), as much He is released from the sample as is 
implanted. The constant mass loss observed in region III is therefore the 
net loss due to the sputtering of sample material. The fluence needed to 
reach saturation agrees well with results by Lord [6] for 1.8 keV He on 
silica based mineral samples, where between 6.1 × 1020 ions/m2 and 
6.1 × 1021 ions/m2 were needed to reach sample saturation. Before 
equilibrium is reached, a mass increase is observed, which is inter-
preted to be the result of net implantation of He (region I). Between 
region I and III, a period with increased mass loss (with peaks around 
1.2 × 1021 ions/m2) followed by an interval with again reduced mass 
loss is measured (region II in Fig. 1). As more material seems to be 
ejected at the peak than in the steady state interval, more He is released 
from the sample than getting implanted for a given fluence range. 
If constant ion current and sputter rate y (mass loss per time) are 
assumed, the mass of the implanted He as a function of time R t( ) can be 
calculated from the net mass change m t( ) measured from the begin-
ning of the irradiation at =t t0: 
= =m t R t y dt R t dt y t t( ) ( ( ) ) ( ) ( )
t
t
t
t' ' ' '
0
0 0 (2)  
= = +R t R t dt m t y t t( ) ( ) ( ) ( )
t
t ' '
0
0 (3)  
When saturation is reached, the amount of He in the sample stays 
constant, thus =R t( ) 0. In this regime, the total sample mass decreases 
linearly with slope y. By combining this equation with the Sauerbrey 
Eq. (1), y can be evaluated by a fit through the saturated area of the 
frequency over time curve. For 4 keV He ions impacting on the pyr-
oxene samples a mass of about 2.0 amu is removed per incident pro-
jectile. R t( ) is then calculated from the difference in frequency f t( )
minus the sputtering contribution. When applying this method for the 
performed irradiations, the areal mass density implanted into the 
samples is estimated at (222  ±  40) × 1015 amu/cm2. 
In addition to the measurements at room temperature, an irradia-
tion at 415 K (i.e., the minimum in the frequency change as function of 
temperature of the QCM) was performed. For these measurements, the 
same features, but less pronounced than at room temperature (red 
curve in Fig. 1) appeared at similar fluences. The difference in position 
of the release peak seen in Fig. 1 is within the range of scattering for 
measurements performed at room temperature. The implanted mass 
density was only (105  ±  22) × 1015 amu/cm2, but the steady state 
sputtering yield as well as the fluence needed to reach saturation were 
not affected. The less pronounced oscillations in the mass change might 
be caused by increased thermal diffusion at these elevated tempera-
tures, as TDS results show an onset of He release already 20 K above 
room temperature (see Section 3.2). 
Fig. 1. Mass change per incident He+ ion with 4 keV He+ during the irradia-
tion of the pyroxene coated quartz crystal at room temperature (blue) and at 
415 K (red). At room temperature, a net implantation is observed until a fluence 
of about 0.75 × 1021 ions/m2 (I), followed by a zone with oscillations in am-
plitude of net sputtering (II). After a fluence of about 2.2 × 1021 ions/m2 an 
equilibrium (III) is reached and only net sputtering of the sample material is 
observed. For the irradiation at 415 K, no net implantation in (I), but again 
enhanced release in (II) was observed. Equilibrium was also reached at about 
2.2 × 1021 ions/m2 (III). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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3.2. Thermal Desorption Spectroscopy measurements 
Thermal Desorption Spectroscopy (TDS) measurements were per-
formed after the pyroxene samples were saturated with He. For this 
purpose, the quartz sample was heated from room temperature to 530 K 
with ramps of either 10 mK/s or 20 mK/s. Heating started shortly after 
the end of the irradiation. Frequency shifts between the end of irra-
diation and starting of the heating procedure were below 0.5 Hz, which 
is equal to 4.0 × 1015 amu/cm2 and therefore less than 2% of the mass 
implanted during irradiation. 
Fig. 2 shows the He signal measured with the QMA as function of 
the sample temperature during such measurements (left), together with 
the integral over the signal (right). The He signal starts to increase 
significantly 10–20 K above room temperature, with the peak at 
411  ±  20 K for the 10 mK/s ramp and 456  ±  20 K at 20 mK/s. These 
results are consistent with results for the release of He implanted at 
1.8 keV in forsterite by Lord [6]. In that study, the measured maximum 
in release is at 420 K for an irradiation fluence of 6.1 × 1020 ions/m2 
and at 440 K for a fluence of 6.1 × 1021 ions/m2. 
Measuring of the He release in real time is not possible with our 
present QCM setup. However, the difference in quartz frequency at 
room temperature before and after a heating cycle can be used to 
evaluate the amount of He that has been released from the sample. The 
average difference in mass densities is (256  ±  25) × 1015 amu/cm2, a 
value which very well corresponds to the amount of implanted He 
during irradiation (see Section 3.1). 
Reference TDS measurements taken after 2 keV Ar+ irradiation 
without He implantation resulted in mass losses of (10–60) × 1015 
amu/cm2. This observation is most likely related to adsorbates released 
from the backside of the quartz and even further improves the agree-
ment with the amount of implanted He. 
One can therefore conclude that all implanted He is released again from 
the sample during the heating cycle. This conclusion is supported by the 
fact, that irradiation of a pristine sample with He leads to the same results 
as measurements performed after cycles of He loading and subsequent 
sample heating. Heating to 530 K therefore restores the initial condition of 
the pyroxene films with respect to He implantation and release. However, 
according to SDTrimSP simulations, about 100 displacements per atom 
(dpa) occur when applying a fluence of 2 × 1021 He/m2. This also in-
dicates, that damages saturate already very early in the irradiation as well. 
4. Discussion 
4.1. He implantation 
As described in Sections 3.1 and 3.2, He implantation in a saturated 
sample can be independently quantified from mass change measure-
ments during both the irradiation phase as well as the subsequent 
heating phase. The implanted amount of He evaluated by the two dif-
ferent techniques amounts to (222  ±  40) × 1015 amu/cm2 and 
(256  ±  25) × 1015 amu/cm2. The detailed fluence dependence of the 
mass change per ion (Fig. 1), however, remains unexplained. To get 
more insight on this, simulations using the dynamic features of the 
SDTrimSP code described in Section 2.4 were performed. These simu-
lation results are compared with the experimentally observed fluence 
dependence in Fig. 3. 
SDTrimSP allows setting a maximum He concentration. However, 
the experimental results only give the total amount of implanted He, 
but not its concentration. Yamamura [24] investigated a similar case of 
retention of 4 keV He ions and found a saturation in the implanted 
amount, with He reaching from the surface to a depth of twice the 
penetration length. In the presented study, SDTrimSP simulations pre-
dict the penetration depth of 4 keV He on the investigated pyroxene to 
be 31  ±  1.7 nm. Assuming a similar projectile distribution in the sa-
turated regime, the He density is calculated to 59 mg/cm3. This is 
1.8 wt% for the assumed sample density of 3.3 g/cm3 [14] or 10 at.% 
with an average mass of 21.8 amu per sample atom obtained from the 
ion beam analysis listed in Table 1. 
The dashed red curve in Fig. 3 shows a simulation without any 
limitation, which does not fit the experimental data at all. The calcu-
lation represented by the full red line was performed with a maximum 
He concentration of 10 at.%. The simulated mass change decreases 
sharply at a fluence of about 0.4 × 1021 ions/m2, as He particles are 
starting to be removed artificially from the material by disregarding 
them. This fluence roughly corresponds to the position where im-
plantation begins to decrease in the experiments. The mass change per 
incident ion then approaches the static SDTrimSP simulation value of 
−1.7amu/ion (grey dotted line), also indicating that the effect of pre-
ferential sputtering is small. Furthermore, the additional He close to the 
surface hardly affects the sputtering yield. The total amount of He 
implanted in this scenario is 234 × 1015 amu/cm2, which is very close 
to the measured value. The other option in the simulation is allowing 
transport due to ion bombardment. Here two mechanisms cause the 
transport, damage-driven diffusion and pressure-driven transport. The 
parameters for the strength of both effects - 0 and K0 - are additional 
parameters in the simulation, which were varied in order to match the 
experimental results best (see [16] for more details). With 0 = 5 × 10
4 
and K0 = 100, good agreement in the general trend and the steady state 
value is obtained (brown). The implanted mass of 184 × 1015 amu/cm2 
is close to the experimental value as well. The dips seen in the curve are 
related to simulation artefacts. These occur when comparably big 
amounts of He are removed from the surface layer. They however do 
Fig. 2. He signals measured with the QMA during temperature ramps of 10 mK/s (blue curve) and 20 mK/s (red curve) on the left. The integral of the He signals are 
shown on the right. The sample was saturated with 4 keV He+ directly before the TDS were performed. An offset for the signal background was subtracted from both 
signals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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not affect the general trend of the simulation. 
Thus, both simulation approaches allowed to describe the time scales 
of the overall temporal evolution in mass change observed during the 
experiments. However, they were not able to reproduce the oscillatory 
mass change. Nevertheless, a He retention dependence on ion fluence 
quite similar to the experimentally observed one in the presented study 
was reported by Yamamura for 4 keV 3He+ on molybdenum [24]. In the 
simulations, Yamamura added ion-induced diffusion, thermal diffusion, 
trapping and reemission for projectiles to the so-called ACAT code, which 
is another BCA Monte Carlo code similar to SDTrimSP [25]. Although Mo 
and pyroxenes are quite different samples, the qualitative behavior as 
well as the fluence at which the oscillations take place match well. The 
simulations by Yamamura show, that He diffusion toward the surface is 
enhanced by ion impact, with a zone of increased He content leading 
upfront. When this front reaches the surface, enhanced He release takes 
place, causing the oscillatory behavior as also observed in the studied 
pyroxene. The He fluences at which the oscillation takes place are on the 
order of (1–2) × 1021 ions/m2, which is comparable to the measure-
ments presented in this study. The more sophisticated diffusion model 
with trapping and diffusion of detrapped projectiles in the ACAT-Diffuse 
code used by Yamamura [24] allows reproducing the similar oscillations 
in implantation of 4 keV 3He+ in Mo. The fact, that diffusion mechan-
isms are not included in SDTrimSP in such a way, could explain the 
differences between experimental and simulation results seen in Fig. 3, 
which agree well apart from the oscillations. 
The effects of He irradiation were found to be consistent for dif-
ferent materials. For example, bubble formation was observed at similar 
fluences of about 1021 ions/m2 in Mo [26], Al2O3 [27] as well as the 
mineral olivine (Mg,Fe)2SiO4 [28]. It is therefore reasonable to com-
pare He implantation dependence on ion fluence between Mo and 
pyroxenes and to assume that the observations by Yamamura also hold 
for the presented irradiations. 
4.2. Influence of He irradiations on Mercury 
For the interaction between Mercury and the solar wind, both sput-
tering and ion implantation are of interest. For sputtering on Mercury, 
the solar wind composition containing mostly H and He ions and the 
prominent He charge state He2+ have to be taken into account. Due to its 
potential energy, He2+ will cause additional particle release as a result of 
potential sputtering [8,10]. Specifically, Szabo et al. investigated the 
potential sputtering of wollastonite (CaSiO3) samples [8], which are si-
milar to the samples used in the present experiments. They discuss the 
interplay between kinetic sputtering and potential sputtering with a solar 
wind composition of 96% H+ and 4% 4He2+ ions. Although the solar 
wind consists mainly of protons, the presence of He2+ ions leads to a 
71% increase in sputtering compared to proton sputtering only. Their 
total sputtering yields for 4 keV He+ under normal incidence are very 
close to the ones shown in this study. This indicates that the estimations 
made for sputtering by solar wind ions on CaSiO3 are also valid for the 
similar pyroxene (Ca,Mg,Fe)2[Si2O6] used in this study. 
Considering the implantation of solar wind He at Mercury, it would 
take several hundred years to reach saturation fluences [3]. Diurnal 
maximum temperatures on Mercury are highly dependent on illumi-
nation, ranging from about 100 K at the nightside to 700 K in direct 
sunlight [29]. Depending on this temperature, the interplay of He im-
plantation and release is very complex. For permanently cold regions, a 
saturation by implanted He will eventually be reached. Although also 
solar wind fluxes are lower in these regions, thermal diffusion is not 
expected to play a significant role there. In illuminated regions how-
ever, thermal He diffusion is dominant. This might lead to local var-
iations of the He content in Mercury’s exosphere, depending on solar 
wind flux, as well as the surface temperature. However, during the 
176 days it takes for Mercury to reach the same position and orientation 
to the sun again, its surface is below 300 K for about half the time (see  
Fig. 1 in [30]). During this period, He ions impinging the surface will 
not be released thermally. However, the solar wind flux is also orders of 
magnitude too small to reach He saturation in this timespan. With 
temperatures exceeding the 500 K needed to remove He completely 
from the sample in the presented experiments, thermal release of im-
planted He on the dayside of Mercury is likely. Additionally, Mercury’s 
surface is constantly processed by “gardening” [31]. Micrometeorite 
bombardment leads to a continuous mixing of the surface, transporting 
altered – and therefore also saturated – material into deeper layers and 
back to the surface. This way, also micro-meteorites could have an 
impact on the exospheres He content on the dayside. 
Ultimately, several different effects can be expected to influence the 
He concentration in Mercury regolith. Measurements of the He content 
of lunar regolith, which will be affected in a similar manner, show 
densities far lower than the saturation concentration observed in this 
study [32]. However, implanted He there will be located close to the 
surface, while bulk sections of the grains will have lower He con-
centration. The He concentration observed today will of course be also 
influenced by historic changes in solar wind ion fluxes and the thermal 
environment on Mercury. A more sophisticated modelling of these ef-
fects would be needed to predict the He concentration in Hermean re-
golith accurately. 
5. Summary and conclusion 
Quartz Crystal Microbalances coated with thin films from Mg and Fe 
rich pyroxene mineral were irradiated with 4 keV He+ under normal 
Fig. 3. Comparison of experimentally determined 
mass change per ion (blue curve) of a pyroxene 
sample, irradiated with 4 keV He+ under normal 
incidence and results of dynamic SDTrimSP simula-
tions. The red dashed line shows a simulation 
without transport and limitation of He content. For 
the simulation represented by the full red line, the He 
concentration was limited to 10%. Additionally, a 
calculation is shown, where transport due to ion ir-
radiation was taken into account (brown curve). Also 
shown are the results of a static SDTrimSP simulation 
(dotted line). (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.) 
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incidence. With this technique, a very distinct behavior in the mass 
change per incident ion was measured until an equilibrium between 
implanted and released He is reached at a fluence of about 
2.2 × 1021 ions/m2. Thermal Desorption Spectroscopy measurements 
of previously He saturated samples revealed that the implanted He is 
released at temperatures below ~500 K. The total mass loss recorded by 
the QCM during TDS quantitatively agrees with the amount of pre-
viously implanted He. Simulations with the dynamic feature of the 
SDTrimSP code describe the general trend and time scales of the mass 
change observed during the experiment, using the built-in approxima-
tions for different transport mechanisms. Oscillations assumed to be 
due to He retention, as seen in the experiment, could not be reproduced 
by the simulations and need further investigation. However, simula-
tions performed with the ACAT code by Yamamura show a very similar 
behavior for 4 keV 3He on Mo. 
On Mercury, both irradiation with solar wind ions as well as var-
iations in temperature take place. These variations are in a regime, 
where the thermal mobility of implanted He is heavily affected for the 
samples used in this study. Timescales however are very different, as 
fluxes were in the order of 1016 ions/m2/s in the experiments and are 
about 1011 ions/m2/s on Mercury [3]. A full thermal cycle on Mercury 
takes 176 days. Additional effects like gardening of the surface can lead 
to He accumulation in the near surface region, as implanted He is un-
likely to desorb thermally on the nightside and can be transported 
downwards during this period. A full model taking all these effects into 
account could give insight into the evolution and the present con-
centration of He in the regolith of Mercury. 
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